ABSTRACT: Bacterial production in the open Gulf of Finland was estimated by 'H-thymidine incorporation rate (TTI) and by the frequency of dividing cells (FDC), counted by transmission electron microscopy (TEM). To relate TT1 and FDC to bacterial growth rate, batch cultures with the natural bacterial community from the study area were used. Conversion factors between 0.2 and 7.2 X 10" cells mol-' TdR, or 0.3 and 24.3 X 10" pm3 mol-' TdR, were obtained for TTI, depending on the season and calculation model used (integrative, cumulative, or modified derivative). From FDC and growth rate ( p ) based on bacterial cell numbers, the following equation was derived: p = 0.002FDC -0.001 Bacterial carbon production in the study area, estimated using the FDC method, was 20 to 80n4, higher than TTIbased estimates. Virus abundances were followed in the batch cultures and in the field study. Viral lvsis may have been a significant cause of bacterial mortality in the field, but it remains to be shown whether viral-induced mortdhtv was already included in the empirical conversion factor.
INTRODUCTION
Bacterial production in aquatic ecosystems is often estimated from the incorporation rate of tritiated thymidine (TTI) into bacterial DNA (Fuhrman & Azam 1980 . Several conversion factors, ranging from 1 to 60 x 10'' cells mol-' thymidine incorporated, have been published for the conversion of TT1 into ce1.l production rate (references in Bell 1988). The conversion factors are derived from batch cultures of filtered bacterial communities by calculating the ratio between the increase i n cell abundance and TTI. Different models can be used in the calculations. The integrative method (method 1) derives the conversion factor from the total amount of cells produced and the amount of thymidine incorporated over the incubation time (Fuhrman & Azam 1980) , while the other methods use linear regressions of either one or both parameters, as a n estimate of cells produced, against thymidine incorporated In the cumulative method (Method 2) a linear regression of cell abundance agalnst cumulative TT1 is used (Bjornsen & Kuparinen 1991) whereas the derivative method fits a linear regression of TT1 to the inltial cell abundance (Kirchman et a1 1982) These methods should give equal conversion factors, if cell abundance and TT1 increase at the same rate As this is often not the case Ducklow et a1 (1992) have modified the derivative method (h4ethod 3) by using regressions of both cell abundance and TT1
The use of the frequency of dividing cells (FDC) to estimate bacteiial production has the great advantage of not requiiing incubation of the samples (Hagstrom et a1 1979) , but the disadvantage is in the difficulty of observing dividing cells when counted with epifluorescence microscopy The frequency of bacterial cells In the division stage is supposed to reflect the average growth rate ( p ) of the bacterial community, but the conversion equations for p from FDC are not well established for the natural bacterial communities and so the FDC method has not been wldely used The aim of this study was to compare the efficacy of using thymidine incorporation rate (Fuhrman & Azam 1980 and FDC (Hagstrom et al. 1979) in the estimation of bacterial cell production. Bacterial cells were counted with transmission electron microscopy (TEM), with which dividing cells are easily seen. Using batch cultures with natural bacterial communities, the conversion factors for TTI, and the equation for FDC, were calculated empirically and applied to the data from a monitoring study carried out in the Gulf of Finland in 1994 In addition, the abundance of viruses in the batch cultures a n d in the field study was estimated, a n d their possible effect on bacterial production measurements is discussed below.
MATERIALS AND METHODS
Sampling. This study was carried out from April to October 1994 at the entrance to the Gulf of Finland in the northern Baltic Sea, as part of a monitoring program ot the coastai e c o s y s l s~~~. Water samples wcrz taken weekly at the fixed sampling station (59O40.3' N, 23" 14.5' E) in the open sea zone. Pooled water samples were taken from the upper 5 m at 1 m intervals using a Ruttner type sampler. The samples were processed further in the laboratory.
Chlorophyll a. Subsamples for total chl a measurements (method modified from Marker et al. 1980) were filtered onto Whatman GF/F filters, sonicated for 10 min and soaked in 96%) ethanol for 24 h at room temperature and in darkness. The extracts were filtered through Whatman GF/F filters and the chl a concentrations were measured with a Shimadzu RF-5001 spectrofluorometer, which was standardized using pure chl a (Sigma). production methods, 2 parallel batch cultures were prepared on June 21, August 2 and September 18 by diluting a 400 m1 inoculum in 1600 m1 of culture medium. Filtration of the sample water for the inoculum and culture media as well as incubation, of the batch cultures are shown in Table 1 Bacteria were grown for 60 to 96 h in the dark. Subsamples for production measurements and microscopy were taken every 12 h. Thymidine incorporation rate. Thymidine incorporation was assayed (Fuhrman & Azam 1980 from 10 m1 subsamples (1 blank and 2 replicates) drawn from the seawater samples or batch cultures, and transferred to glass vials. The blanks were killed with formalin (final conc. 0.4 % formaldehyde), and 'Hlabeled thymidine (44 to 49 Ci mmol-', Amersham) was added at saturation level ( Fig. 1 ) (final conc. used 10 to l l nM). Incubations of the field study samples were done at in situ temperatures (+2"C) and of the batch cultures at culture temperature (Table 1) . Incubations were termmated after 30 to 60 min by adding formalin (final conc. 0.4 % formaldehyde). The labeled material was collected by cold TCA extraction (final conc. 5 %) and, filtered onto 0.2 vm nitrate cellulose filters (Sartorius). The filters were dissolved in Hisafe llquid scintillation cocktail (Wallac, Turku, Finland), and radioactivity was measured by liquid scintillation counting (LKB Rackbeta 1216, Wallac) using the external standard channels ratio method.
Microscopy. Total bacterial counts, FDC values, cell volume measurements and total viral counts were made from an 80 m1 subsample fixed w~t h 25% EM grade glutaraldehyde (final conc. 1 % ) and harvested by centrifugation [Beckman rotor SW 28, 2 h, 26000 rpm (115000 X g)] onto 400 mesh Ni grids with carbon coated Pioloform film according to Bratbak & Heldal (1993) . The bacteria a n d the viruses were counted at 20000 and 1 0 0 0 0 0~ magnification, respectively, in a Jeol JEM-100CX transmission electron microscope. At least 200 cells were counted from each grid per sample, except for a few samples at the beginning of the lag phase of the batch cultures, when at least 50 cells were counted. Cell widths (W) and lengths (L) were mcasured from the electron micrographs and the volume (V) was calculated accord~ng to the formula: FDC was also estimated from 6 DAPIstained samples (see Table 4 ) so as to allow a comparison of FDC counts obtained by TEM and epifluorescence microscopy. The latter samples (1 ml) were filtered onto black nuclepore filters (0.2 pm) and stained according to Porter & Feig (1980) . At least 400 cells and 20 fields were counted from each sample with a Leiz Dialux epifluorescence microscope using ultraviolet excitation light (filter block A2).
Calculations. Conversion factors (CF) for thymidine incorporation rate were calculated using 3 different models. The equation for the integrative method (Fuhrman & Azam 1980) IS: where Nf = final cell count, No = initial cell count, TT1 = thymidine incorporation rate and t = time. In the cumulative metyod
June
August September Time, h (Bl@rnsen K u~a r i n e n 1991)g the conver- thyrnidine incorporation rate:
The modified derivative conversion factor (Ducklow et al. 1992) 1s calculated from the equation-
where p = cell-number-based growth rate, and B and b are the respective y-intercepts of the regression eq.uations for log,-transformed cells and for TdR on time. The biovolume-based conversion factors were calculated using bacterial biovolume instead of cell numbers.
The equation used to estimate bacterial production from FDC and cell numbers was calculated from the regression between FDC and cell-number-based growth rate (Hagstrom et al. 1979): where a is the slope and b is the y-intercept
Batch cultures
The electron microscopic counting of evenly distributed bacteria on the specimen grids was done directly from the phosphorescent screen of the TEM. On average, 1 to 4 cells field-' were counted and, according to earlier studies (Tuomi u.npubl. results), the possible error of this method is approximately 10%.
The growth of bacteria in the batch cultures is shown in Fig. 2 . In each set of parallel experiments the initial situation was different with respect to the abundance of bacteria, bacterial production and the abundance of viruses. In all experiments TT1 increased faster than the cell number The average cell size also increased during the incubations (Table 2 ). The FDC ranged between 3 and 14 % (Fig. 2) .
The abundance of vir.uses did not increase during the incubations, but varied between the experiments, being 2-7 X 106 ml-' in June, 4-20 X lob ml-' i.n August, a n d 1-2 X 10' ml-' in September (Fig. 2) . The virus to bacteria ratio (VBR) was lowest in September (0.7 to 4) and ranged from 2 to 30 during the other experiments.
Conversion facicrs
Conversion factors for TT1 were calculated using the integrative (Eq. l ) , cumulative (Eq. 2) and modified derivative (Eq. 3) methods. Irrespective of season the integrative method gave the lowest conversion factors (0.21 to 1.42 X 1018 cells mol-' TdR) while the other methods produced higher values ranging from 0.67 to 7.18 X 101%ells mol-' TdR (Table 3) . Biovolume-based conversion factors ranged between 0.31 and 24.34 X 10'' pm3 mol-' TdR (Table 3 ). The highest values were calculated using the modified derivative method.
The FDC percentages counted w~t h TEM gave values similar to or higher than those determined by epifluorescence microscopy (Table 4 ). The equation for bacterial growth rate was calculated from the regression line between FDC and the growth rate based on cell numbers (Fig 3, Field study
The peak of the spring phytoplankton bloom was observed at the end of April (24 pg chl a 1-l) (Fig. 4) . By the middle of May mineral nutrient concentrations were depleted from the productive surface layer (NO3-N < 5 pg I-', PO,-P < 2 pg 1-l) a n d the chl a concentratlon decreased to 1-3 1-19 I-'. An increase in chl a concentration (5 pg 1-l) was observed again in September.
The FDC and TT1 values, which were used to estimate bacterial production, showed similar developments in the field study (r = 0.628, p < 0.001). In May, Table 3 . Conversion factors from the 2 replicate batch cultures for estimating bacterial cell ( 1 0 '~ cells mol-l TdR) and biovolume (1017 pm' mol-' TdR) production rates calculated using the integrative, cumulative and modified derivative methods after the collapse of the spring phytoplankton bloom, increased TT1 (0.05 nmol TdR 1-' h-'), FDC (11 X), and bacterial cell numbers (3 X 10%1-l) were observed (Fig. 4) . From the middle of June until the beginning of August, TT1 values were moderate (0.01 to 0.02 nmol TdR 1-' h-'), FDC ranged from 4 to 8':" and total cell counts varied between 1 and 3 X 10' ml-'. In the beginning of August, when the water temperature in the surface rose to almost 20°C, TT1 increased to 0.06 nmol TdR 1-' h-', FDC to 11 % and cell numbers to 5 X 106 ml-l. In September bacterial activity and cell numbers began to decrease (TT1 <0.02 nmol TdR 1-' h-', FDC < 6 % and bacterial cell numbers < 2 X 106 ml-').
The average cell size of the bacteria varied between 0.06 and 0.11 pm3 In the spring (April-May), but decreased toward the end of the study period (0.04 pm3 in October). V~r u s abundance was 1.5 X 107 ml-' at the beginning of April, increased to 5.9 X 107 ml-l at the end of April, and varied between 1 and 4 X lo7 ml-' in May-July. The highest virus numbers were observed in August (14 X 107 m1 l ) . During the height of the phytoplankton bloom in spring, VBR was ca 60, but otherwise the ratio remained between 10 and 30. VBR increased again slightly in September-October.
Bacterial carbon production in the field
Bacterial carbon production was estimated from the surface layer (0 to 5 m) of the fixed sampling station from June 7 to October 5. The empirical conversion factors and cell volumes determined in this study were used. The literature value for bacterial cell carbon content, 1 X 10-'" pmA3, had been measured from the study area using X-ray microanalysis (Fagerbakke et al. 1996) .
The field data was divided into 3 periods: June 7 to July 26, July 26 to August 31, and August 31 to October 5. The average of the conversion factors measured 1 1;
: ; , 1
L: : : . The growth pattern-the increase in cell numbers versus TTI-is critical, and different calculation methods give different weight to the above mentioned parameters. In all experiments of this study TT1 increased faster than cell numbers, resulting in different conversion factors from the same data when calculated using 7.4 different methods. The conversion factor values calcuduring each period (Table 3) or the equation derived for p from FDC (Table 5 ) was applied to the data from that same period. As no conversion factor was measured during the spring, the period from April to June was not included in the comparison. The biovolumebased estimate was calculated with the conversion factors using the integrative method Conversion factors calculated using Eqs. (2) & (3) gave higher bacterial carbon production estimates than the conversion factor calculated with Eq. (1). The FDC-based estimate was higher than the bacterial carbon production estimates based on TT1 (Table 6 ).
DISCUSSION

Conversion factors for thymidine incorporation rate
The empirical conversion factors for TT1 varied between the experiments and depending on the calculation method, but were similar to the average converslon factors reported earlier for the study area (0.6 to 4.94 X 1018 cells mol" TdR; Kuparinen 1988 , Autio 1990 , 1992 , Kuuppo-Leinikki & Kuosa 1990 , Heinanen & Kuparinen 1992 . Experiments in this study were performed at different times of the year, when temperature, nutritional conditions and probably also bacterial community composition were different in each set of the 2 parallel batch cultures. Bacterial strains may vary in their thymidine incorporation ability (Jeffrey & Paul 1990 ), but the effect of different bacterial assemblages remained unexplored in this study. The trophic state of the environment has been suggested to explain the variation between the conversion factors (e.g. Iriberri et al. 1990 ). On the other hand, nutrient additions or temperature did not affect conversion factors when studied by Riemann et al. (1987) , Autio (1990) and Heinanen & Ku.parinen (1992) . In general, published empirical conversion factors from different envilated with the integrative method were always lower when compared to those calculated using the other methods (Table 3 ). This may be attributed to the different calculation approach, i.e. the total amount of cells produced and thymidine incorporated during a certain time period, as compared to the use of a regression line as an estimate of the one, or both, parameters in the other methods. On average, the conversion factor values calculated using the modified derivative or cumulative method did not dlffer significantly (median test, p = 0.2481, although in the August experiment the modi.fied derivative method gave 7 tlmes higher values than the cumulative calculation method.
In the August and September experiments, the TT1 per cell and the average cell slze of bacteria increased during the incubation (Table 2 ). It is possible that the incorporation of thymidine into macromolecules other than DNA had increased, which would have led to the underestimation of the conversion factors. Furthermore, in the August experiment the number of viruses was higher than in other experiments and lysis of the cells may partly explain the discrepancy between the TT1 and cell numbers. The virus to bacteria ratio, which was as high as in the seawater samples, indicates possible virus-induced mortality of bacteria in the culture.
Conversion equation for FDC
The FDC, counted with TEM, varied between 3 and 14 %, which, is within the same range as that which has been observed by epifluorescence microscopy in other studies (e.g Newel1 & Christian 1981). In this study, some of the samples were counted using both TEM and epifluorescence microscopy, yet the especially high FDC values (> 10 %) counted with TEM were not found with epifluorescence microscopy (Table 4) . This discrepancy is probably due to the better resolution of TEM, which makes it easier to find the dividing cells, compared to the epifluorescence technique.
Bacterial growth rate and FDC were not correlated in the batch cultures (Fig. 3) , except for the August experiment (r = 0.465). A better correlation was found by Hagstrom et al. (1979) , when the bacterial growth rates were higher ( p = 0.02 to 0.2 h-') than in this study ( p 0.08 h-') Consequently, a wider range of growth rates may be needed to better relate p and FDC. The discrepancy between FDC and the growth rate may be partly explained by the cells remaining together after their division, or by division induced through starvation Furthermore, bacterial mortality due to viral infection may have occurred in the batch cultures, which would have affected the bacterial growth rates calculated from the cell abundances.
The field study
In the field study FDC was significantly correlated to TT1 (r = 0.628, p < 0.001), which indicates that FDC is a potential parameter for measuring bacterial activity. In different seasons separate conversion factors for TT1 should b e determined, as the bacterial community, as well as its environment, may vary and affect the uptake and incorporation of labeled thymidine. The conversion factors for TT1 and the equations for estimating p from FDC presented in this study were used to estimate bacterial carbon production in the upper 5 m of the Gulf of Finland between June 7 and October 5 in 1994 (Table 6 ). Bacterial carbon content used in this study was measured by X-ray microanalysis from the study area in July 1993, but the use of one value for the whole study may have introduced some error in the bacterial carbon production estimates [Fagerbakke et al. 1996) . The lowest bacterial carbon production estimate, which was obtained using the conversion factors calculated w~t h the integrative method to transform TT1 to the cell production rate, was only 4 "/o of the primary production in the same water layer (acidified whole 14C-samples, 24 h in situ bottle incubations covering the euphotic layer. R. Lignell pers. comm.). The bacterial carbon production estimates using the other methods (10 to 23'% of the primary production) were in better agreement with an earlier study from the same area (bacterial prod.uction 14 %, of the prima.ry production, Lignell 1990 ) and w~t h a cross-system overview (bacterial production 20% of the primary production; Cole et al. 1988) .
The average cell volume of bacteria varied from 0 044 to 0.197 F~n~: ' over the productive season, showing a cell size decrease towards the autumn. The same trend can be found when comparing earlier published cell volumes of bacteria from the Gulf of Finland (Kuparinen 1988 , Heinanen 1991 , Heinanen & Kuparinen 1991 . Consequently, the usc of only one value for the cell volume for the whole productive season would introduce an error into bacterial carbon production estimates. With the use of a biovolume-instead of the cell-number-based conversion factor the need for determining cell volumes in a field study is avoided. Using the integrative calculation method the biovolume-based estimate of bacterial carbon production was 2.5 times higher than the cell-number-based estimate (Table 6 ). Using the other calculation methods the biovolume-based conversion factors gave 3 to 5 times higher production estimates when compared to the cell-number-based conversion factors for the field data in August [data not shown). Selective grazing on large cells decreases the average bacterial cell size in thc plankton ecosystem (Kuuppo-Leinikki 1990), resulting in an u.nderc.stimate of the total bacterial carbon production when the cell-number-based conversion factor and the average cell volume are used.
The virus abundance followed the bacterial abundance in the weekly samples during the field study. Bacterial mortality by viral lysis in the Gulf of Finland was probably as significant as in other aquatic environments (as much as 66";, of total bacterial mortality), with similar virus to bacteria ratios (2 to 60) (Steward et al. 1992 , Fuhrman & Noble 1995 , Hennes & Simon 1995 , Mathias et al. 1995 . The quick changes in viral counts within a short time (2-to 4-fold increase within 10 to 20 min) (Bratbak et al. 1996) indicate that viralinduced mortality may occasionally be very high. Any effect of viral lysis on bacterial p]-oduction estimates was not evident in this study. Assuming that on average there are 10" bacteria ml-', and 107 viruses ml-' in the plankton~c ecosystem, that 40'3, of the viruses exhibit decay at a rate of 0.07 h-', and that th.e average burst size is 55 (author's unpubl. results), then less than 0.5% of bacteria would be lysed within 1 h, which was the maximum incubation time in the bacterial production measurements. Conseq.uently, viruses will not affect bacterial production estimates, if the incubation conditions do not increase viral activity. However, viruses are also present in batch cultures when empirlcal conversion factors are determined, and it is not known whether viral-induced mortality is already included in the factors. This would mean that in the fleld it is net bacterial production after viral lysis that is actually measured. Virus-induced mortality of bacteria in batch cultures may partly explain the variation in conversion factor values.
CONCLUSIONS
Bacterial production estimates using TT1 and FDC were on the same order of magnitude in the study area.
The major advantage of the FDC method is that it does not require incubation of samples, which may cause unwanted changes during the measurement, but the lack of correlation between p and FDC showed that FDC is not a n accurate estimate of bacterial g~o w t h rate. Even in the same study area, conversion factors for thymidine incorporation rate vary remarkably between the different seasons. The conversion factors using the modified derivative and cumulative calculation methods gave similar bacterial production estimates, while the int~gratlve method seemed to underestimate bacterial production. Also, the average cell size of bacter~a v a n among the seasons, but the cell volumes can already be Included in, the conversion factor a n d thus the production of bacterial biovolume will be measured.
